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SECTION I

INTRODUCTION

It is the objective of this Technical Report to describe a new concept
for monitoring the potential for damage accumulation in structural materials.
A recent change in Air Force policy is the requirement to track crack growth
potential in a manner that realistically includes the effects of overloads,
hold times, environment, etc. This specific requirement is covered in U.S.A.F.
document MIL-STD-1530A(1l) paragraphs 5.4.5, which states "...the objective of
the individual airplane tracking program shall be to predict the potential
flaw growth in critical areas of each airframe that is keyed to damage growth
limits of MIL-A-83444..." and "...tracking analysis method shall be developed
to establish and adjust inspection and repair intervals for each critical
area of the airframe based on the individual airplane usage data." A great
deal of prior work has gone into research and development of techniques, pro-
cedures, and instruments to assess structural damage accumulation (References 1-
6). The many instruments that were developed to facilitate damage accumulation
tracking are commonly referred to as "fatigue gages," see for example Reference N
These gages have not been zenerally successful because it was not possible to
relate the gage response to accumulation of structural damage. The approach
suggested here differs from all previous methods in that a precracked specimen
or "gage" is mounted on the load bearing member, shown schematically in Figure 1,
where it experiences the same displacement and environmental history as the
member. Therefore, the zage crack grows in a manner relatable to those possibly
in the structure. Linear elastic fracture mechanics analysis is then employed
to relate crack growth in the gage with the growth of a real or assumed initial
flaw located in the structure. Crack growth in the gage can then be conveniently
examined with NDE techniques during service for an indication of growth of the
assumed structural defect. Moreover, as shown schematically in Figqure 2, this
relationship permits allowable maximums for the structural crack size (based on

safety criteria or repair economics) to specify corresponding gage limits.

One of us considered this gage for use on composite structures
where the two principal mechanisms of strength loss, mechanical fatigue and

anvironmental degradation, interact in a complex manner (References 7-9).



Since laboratory experiments have shown that even simple moist atmospheric
exposure can reduce the strength and modulus of a composite dramatically,

and because it is not possible to nondestructively predict service life of such
components, designers have been forced to use this new material only in quite
conservative designs. A gage that would integrate the effects of both the
environment and loading on a real time basis and permit frequent nondestructive
examination would be an obvious asset to both the designer and user of composite
structures. With proper design and interpretation such a gage would permit the
prediction of residual service life for composite structures, thus increasing

the confidence in their usage.

In this Technical Report the analytical expressions relating the cracks
in a metal structure and gage are derived and sample calculations are made for
various flaw geometries. An experimental verification of a portion of the mathe-
matical model is also presented. Unfortunately, it was not possible here to
develop a similar model for composite structural components because of the lack
of flaw growth laws for these materials. This deficiency will be covered at the

end of this report.



SECTION II

ANALYSIS

Considering Figure 1, assume that a small precracked coupon (crack length =
ag) is fixed along its ends to a large structural component containing a crack
of length as. The problem here is to correlate growth of a_ with extension of
aq. In all subsequent discussion, it will be assumed that linear elastic
fracture mechanics conditions are satisfied in both the gage and structure
during service loading. In addition, the gage is sufficiently small that its
attachment does not change the stresses in the structure.

Relation Between Gage and Structural Loads

The objective here is to determine the gage load P caused by appli-
cation of the uniform structural stress - shown in Figure 1. Since the gage
endpoints are fixed to the structure, the total displacement § along the gage
length L equals that of the attached structure and is given by

L OSL
8 = {) eSdL = _E; (1)
Here ES is the uniform strain over L, and ES is the modulus of elasticity
for the structure. Similarly, the gage has a component of displacement &'
given by

V= i
§' = SHE (2)
g

where B, W, and Eg are, respectively, the thickness, width, and elastic modulus
of the gage.

The gage also has another component of displacement 6" due to the presence
of the flaw. Using the compliance concept outlined in Reference 10, this

additional deflection is given by
6" = PA (3)

where ) is the crack compliance related to the strain energy release rate
G, and the stress intensity factor Kg of the gage by the plain strain relation-
ship . 5

B, 8 _1V° g (4)

2B 9da E
g g I

|
|



Here v is Poisson's ratio for the gage. For plane stress conditions, v=0

in Eq. (4). Expressing the stress intensity factor in the form

K:ﬁ%/ﬁs (5)

where B is a dimensionless geometry factor which can depend on crack length,

Egs. (4) and (5) reduce to

a
21~V f 9 5
A = W"—‘ aBgda (6)
0

Thus, the displacement of the gage is given by

o L

' w - _PL g =
§=6"+ 6" = = BW + PA = B (7)

g s

which when solved for gage load with Eq. (6) becomes

2 L 1

P = 0_BW 5. [szl‘\?z)'ﬂ = } = o _BWf (8)
W —( 9 ap da
0 g9

where £ is the bracketed quantity defined by Eq. (8).

Thus the load in the cracked gage is directly related to the uniform gross
stress in the structure. This uniform stress is the same stress that influences
the crack growth behavior at the structural detail of interest. It now remains
to describe how the crack growth behavior of the detail is related to that in

the gage, i.e., to provide the transfer function.

Gage and Structural Crack Relation

da _
= = cK" (9)

where da/dF is the average crack extension per block of service usage (e.g.,
an aircraft flight) and C and m are empirical constants. The parameter K
is a stress intensity factor that senses the influence of stress history on
the crack growth process. As such, K is normally obtained by multiplying a
stress history characterizing parameter (e.g., 0 = rms stress range) by the
stress intensity factor coefficient for the geometry of interest. For the

structure,'ﬁ would be
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Q

3 (%}:c-l /ra_ B8 (10)

Now assume that both the gage and structure are made from material which have
the same Paris exponent m in Eq. (9). Using the fact that both gage and
structure see the same number of loading blocks F, integrating Eg. (9) for a

fixed number of flights with Egq. (5) and Eq. (10) yields
a a

s g
F=j da =f ... (11)
C (¢ vmz g )™ C(—)/'naB)

a s s s a g BW
os og

which reduces by employing Eg. (8) and canceling like quantities to

mﬂ LQO

g
= f da (12)

j s
2 (3 )" (£8_ /m@)

og
Note that Eq. (12) is independent of stress history (explicitly), so the ag
versus ag response is also anticipated to be independent of stress history.
Also note that the constants C9 and CS from Eq. (9) have been retained in
Eq. (12). This permits the use of two different materials for the gage and
structure. It will also permit designers to account for variability in mate-

rial properties if the same metal is used in both structure and gage.

A numerical integration scheme was employed here to solve Eq. (12) for
a, as a function of ag. First, the integration of the right-hand side of
Eg. (12) was carried out with the trapezoidal rule together with Romberg's
extrapolation method. The upper bound of the absolute error for this pro-
cedure was specified to be less than 1 x 107°. Next, an upper limit for the
left-hand side of Eq. (12) was chosen and the integration performed as before.
Depending on the agreement of the left-hand value with the previously deter-
mined right-hand side, an adjustment was made in the upper limit {as) of the
left integral and the process repeated until the values of the two integrals

agreed to within 0.02%.



SECTION III

EXAMPLE RESULTS

Solving Eq. (12) by the numerical procedure described above, the relation
between structural and gage flaw lengths was found for several geometric con-
figurations. Results from the sample cases are briefly described below.

In all examples, the structure and gage had the same C, E, and m, while

Poisson's ratio for the gage was 0.333.

Consider an edge cracked coupon (50 mm long by 25 mm wide) attached to
a large plate containing a 6.4 mm diameter radially cracked hole (length = 1.3 mm)
as shown in Figure 3. Numerical results from Eg. (12) for m = 4 (a constant
amplitude fatigue crack growth rate exponent typical of many structural materials)
are shown in Figure 3 for various initial gage flaw sizes (aOg =1.3, 1.9, 2.5 and
3.8 mm). Note that the results show a strong dependence on initial crack size,
varying from a fast growing structural crack {aoq = aos =.1.3 mm) to a response
where gage crack growth significantly amplifies corresponding extension of the
structural flaw (ao5 = 1.3 mm and aOg = 3.8 mm). Thus, varying the initial

crack size provides one means for designing a gage for various degrees of

amplification of structural crack growth.

Figure 4 shows the results obtained for a study similar to the one above,
but with a gage containing a center crack rather than an edge crack. The
material parameters and gage dimensions are the same as in the previous example.
The variation in initial flaw sizes again demonstrates the two cases of a gage
which is insensitive to structural crack growth (ago = 1.3 mm) and one which is
highly sensitive to structural flaw growth (ago = 3.8 mm). However, for an
initial gage flaw size of 2.5 mm the gage demonstrates growth characteristics
which permit it to be usable over a wide range of flaw sizes in the structure,

between 1.3 mm and 23 mm.

If the gage flaw is located in the structural component rather than in an
attached coupon and sees the same remote stress, f = 1 in Eg. (12). Experi-
mental data (Reference 12) for this special case, provided a means of checking

Egs. (9) to (12) of the model. Briefly, the experimental set-up was as follows:



Long specimens of 7075-T651 aluminum (width = 150 mm, thickness = 12.7 mm)
containing both a radially cracked hole and a center crack in series as shown

in Figure 5, were subjected to complex variable amplitude loading representative
of an aircraft stress history. Since the crack growth exponent m was not known
beforehand, computations were made for m = 3, 4, and 5; a range encompassing
expected values for this material. Of course in practice, the value of the
Paris exponent, m, would be a well documented constant from spectrum fatigque
tests of the structure and gage material. Note in Figure 5 that these analytical
predictions closely bound the test data. Thus this excellent agreement between
experiment and analysis lends credence to the validity of Eq. (9), and subse-
quent development of Eg. (12). Again, it should be emphasized that the
numerical calculations required no knowledge of the actual load history applied

to the test specimen.



SECTION IV

CONCLUDING DISCUSSION

A new concept for monitoring flaw growth in structural components with
a flawed gage has been presented along with a mathematical model for the
relation between the structural and gage flaw sizes. This relationship,
given by Eq. (12), and demonstrated in Figures 3-5, provides the means for
designing a simple crack growth gage capable of "tail number" tracking a fleet
of structures for extension of potential or known flaws. The proposed gage
would have no moving or electronic components to malfunction, need only mini-
mum instrumentation and could be designed for various degrees of amplification

between structural and gage crack lengths.

Since Eq. (12) relates the gage crack length with the assumed structural
flaw size and depends only on geometric factors and material properties,
extensive records of service loads would not be required to estimate flaw
growth. Indeed, the gage provides a direct measure of crack growth, acting
as an analog computer which collects, stores, and analyzes the severity of
the input loads, and then responds with the appropriate flaw extension. Thus,
the loading conditions which affect flaw growth (i.e., stress level, overloads,
temperature, environment, etc.) should be integrated in the gage prediction
of structural crack length on a real time basis. Although extensive experi-
mental testing of this gage capability remains for future work, it is encouraging
that the data shown in Figure 5 provide a preliminary verification of the trans-

fer function model described in Eq. (12).

The authors believe that the crack gage described can be used by
logistics management for maintenance decisions in both of the following two
ways: (1) as a simple "go/no go" measure of the necessity for inspecting or
modifying any given structure, or (2) in conjunction with a Normalized Crack
Growth Curve (Reference 11). The crack gage-structural crack transfer function
(Eg. (12)) and the Normalized Crack Growth Ciirve associated with the structural
crack would collectively provide a direct indication of structural crack
size and an estimation of remaining useful service life. This second decision

making concept is explored more fully in Reference 12.



While this work concentrated on metallic structure, this concept could
potentially be used to predict the residual life of composite structural
components. In this case, the use of the crack growth analogy may have to
be avoided because it has been shown that composites rarely fail by the
growth of a single dominant crack (Reference 13). Instead, composites seem
to accumulate damage via the growth of many fine cracks, delaminations, etc.
around pre-existing flaws or stress concentrations. Tt might have been
possible to account for this type of damage accumulations in the above mathe-
matical model if a unified theory for damage accumulation in composites
existed. Unfortunately it does not, thereby preventing our extension of the

crack growth gage concept to these materials.
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